In this paper, we propose a compact ultra-wideband (UWB) planar monopole antenna with integrated band-notch filtering. The proposed antenna is composed of a rectangular radiating patch, partial ground plane and U-shaped parasitic element on the bottom plane of the antenna symmetrical to the radiating patch. The dimensions of parasitic element have been optimized to achieve band-notch filtering, in order to avoid IEEE 802.11a interference in the frequency range 5.15 to 5.825 GHz. The proposed antenna is compact (19x16x1.6 mm) and also achieves VSWR ≤ 2 for frequency ranging from 3 to 10.3 GHz except for the band-notched frequency. High Frequency Structure Simulator has been used to simulate the proposed antenna and analyze its performance in terms of resonating frequency, VSWR, gain and radiation pattern. Dominant factors affecting the centre frequency and bandwidth of the notched-band are also investigated.
Introduction
The Federal Communication Commission (FCC) has regulated the use of 3.1 to 10.6 GHz frequency band for the short-range, high-bandwidth communication known as UWB communication 1 , whose applications can be found in areas such as higher data rate Personal Area Network (PAN), medical and radar imaging. However, IEEE 802.11a whose frequency band ranges from 5.15 to 5.35 GHz and 5.725 to 5.825 GHz overlap with the UWB band 2, 3 . In order to avoid interference from such a narrow band communication, a stop band filter needs to be integrated into UWB antenna. Integration of extra filter circuit design leads to design complexity, size and cost 3 . Hence, the main challenge while designing UWB antennas is to achieve good band-notch characteristic with reduced size and cost. Band-notch filtering functionality can be achieved using various methods such as using radiating patch with different shapes like rectangular 4,5 , circular 6,7 , hexagonal 8 and with different slots, such as V-slot 3 , U-slot 8, 9, 10 , W-slot 11 , inverted U-slot 12 and elliptical slot 13 etc. The main drawback of the slotted structure is poor radiation pattern due to electromagnetic wave leakage 14 . Tuning stub used in 4, 15, 16 acts like a resonant filter for getting the notch-band functionality. Even though this technique provides wider bandwidth but it is difficult to insert the tuning stub properly into the UWB radiating patch. Defected ground structure 17 and co-planar waveguide resonant cell techniques 5,6 are also followed for notch band filtering. Another flexible approach for implementing band-notch filtering is to add the parasitic element on top or bottom plane of antenna 11, 18, 19, 20 . This technique provides good band rejection feature with separate control over the band rejection properties and wider bandwidth but at the cost of increase in size. In this paper, simple and efficient technique for designing a band-notched UWB compact planar monopole with U-shaped parasitic element is proposed. In the proposed antenna, the basic square patch planar structure of monopole antenna is designed and the U-shaped parasitic element is inserted on the bottom plane of the basic planar monopole antenna. The proposed UWB antenna fulfils recommended features for a standard UWB antenna such as compactness, uniform gain and Voltage Standing Wave Ratio (VSWR) ≤ 2 for the entire frequency band except for the band-notched frequency 5 . The paper is organized as follows. In section 2, a detailed description of design and analysis of proposed UWB antenna has been illustrated. In section 3, simulation results demonstrating different performance parameters of the simulated antenna such as VSWR, gain, surface current distribution and radiation pattern is presented. Concluding remarks are presented in Section 4.
Antenna Design
In order to reduce the size and weight of the communicating equipment, the antennas used for UWB applications should have compact size 11 . To achieve band-notch filtering and to make the size of the antenna compact, planar structure of monopole antenna is integrated with the U-shaped parasitic element. Fig. 1 depicts the geometry of the proposed antenna.
The U-shaped parasitic element has a simple geometry with three parameters i.e, length L u , width W u and distance of the parasitic element from bottom M u . The optimal dimensions for the U-shaped parasitic element have been achieved through parametric analysis feature present in the High Frequency Structure Simulator (HFSS). Through thorough investigations, L u and M u are the dominant factors which affect the centre frequency f c and bandwidth of the notched band respectively. Fig. 2 shows the effect of L u on f c of the notched band. The total length L T of the U-shaped parasitic element is given by,
The U-shaped parasitic element is a band-stop resonator, which is parasitically coupled to the radiating patch. The resonating frequency of the U-shaped parasitic element is dependent on the overall electrical length, i.e., guided wavelength λ g and is given by 8 , 
where ε e f f is effective dielectric constant and c is the speed of light in free space. Table 1 lists the different values for L u and corresponding L T and f c . λ g is calculated from equation 2 for the obtained simulated values of the f c . The desired band-notch resonant frequency is obtained only when L T of the U-shaped parasitic element is approximately equal to the guided wavelength λ g . It can be observed from Table 1 that when L u is increased from 8 mm to 12 mm, the f c of the notched band is decreased from 7.39 to 5.69 GHz. To avoid interference from IEEE 802.11a band, the bandwidth of the notched band should be from 5.15 to 5.825 GHz with centre frequency 5.5 GHz. To achieve this bandwidth, M u plays a vital role. In monopole antenna structure the bandwidth of the antenna strongly depends on the height of the resonating structure from the ground plane. When M u is small, the U-shaped parasitic element is moved closer to the ground plane. As a result, the electromagnetic coupling between the U-shaped parasitic element and ground plane is increased, resulting in increased bandwidth of the notched band. Fig. 3 and Table 2 shows the achieved bandwidth for different values of M u .
Based on the Parametric studies on the variation in L u and M u , the optimized values for the required band-notch characteristics are found out. In the proposed band-notch antenna, we have chosen L u = 12.5 mm and M u = 5.5 mm for f c = 5.5 GHz and bandwidth = 1 GHz. FR-4 Epoxy has been chosen as substrate for designing the antenna, having dielectric constant r = 4.2, thickness h = 1.6 mm and dielectric loss tangent tan δ = 0.015. The planar monopole antenna structure is a rectangular patch with length L p = 11 mm and width W p = 8 mm. In order to achieve 50 Ω impedance, the width of microstrip feed line F w has been restricted to 2 mm. At other side of the substrate, there exists a partial ground plane with length L g = 3 mm and width W = 16 mm. The U-shaped parasitic element is symmetrical to the rectangular radiating patch positioned on the other side of the antenna. The physical dimentions of the proposed antenna are summerized in table 3. 
Simulated Results
In this section, we present the Ansys HFSS simulation of basic planar monopole and proposed planar monopole antenna with the U-shaped parasitic element in terms of VSWR, surface current distribution, radiation pattern and gain. Fig. 4 shows the VSWR comparison of the basic monopole antenna and proposed monopole antenna with the U-shaped parasitic element.The Planar monopole antenna structure has been used for bandwidth enhancement. In basic monopole antenna, impedance bandwidth obtained is from 3 to 10.5 GHz with VSWR ≤ 2. Similarly, in proposed monopole antenna with U-shaped parasitic element, same bandwidth is achieved. In addition, band-notch function is achieved in the frequency range of 5.1 to 6 GHz with VSWR > 2. This frequency range acts as rejection band.
In order to inspect the band notch functioning in detail, the simulated surface current distribution at the centre frequency of the notched band, i.e., at 5.5 GHz is depicted in Fig. 5 for different phase angles, i.e., 45 • , 90 • and 135 • . At the desired notch frequency, the energy is strongly coupled to the U-shaped parasitic element and hence the surface current distribution is focused on the U-shaped parasitic element. As a result, the impedance of the antenna will abruptly change at the desired notch frequency, which in turn introduces the notched band into the proposed monopole antenna structure. Stable gain and the omnidirectional radiation pattern is one of the essential requirement for the UWB communication. Fig. 6 (a) , (b), (c) and (d) shows the simulated radiation patterns of the proposed antenna for 4.5 GHz, 6.5 GHz, 8 GHz and 9 GHz respectively. From Fig. 6 , it is observed that the antenna exhibits the omnidirectional co-polar and bidirectional cross-polar radiation pattern. Fig. 7 presents the plot of simulated antenna gain versus frequency. We can observe from Fig. 7 that gain of the basic monopole antenna is almost constant for the entire UWB. But after inserting the U-shaped parasitic element, the gain of the proposed monopole antenna has drastically reduced at the notched frequency band.
Conclusion
In this paper, the compact band-notched UWB planar monopole antenna with the U-shaped parasitic element of size 19 × 16 × 1.6 mm has been designed and simulated. Band-notch filtering has been achieved by inserting a simple U-shaped parasitic element on the bottom plane of the antenna. Broad impedance bandwidth and stable radiation patterns are obtained for the proposed antenna. In this paper, we have also investigated the prominent factors affecting the f c and the bandwidth of the rejection band. The proposed antenna achieves VSWR ≤ 2 for frequency ranging from 3 to 10.5 GHz except for the band-notched frequency from 5.1 to 6 GHz. The proposed antenna exhibits all the properties required for the UWB communication. The antenna is compact than 3, 5, 6, 7, 8, 15, 17, 18 and possess less design complexity as compared to 5, 9 . More importantly, the band-notch characteristics are tuned by using only two design parameters, i.e. L u and M u . Therefore, the proposed antenna is a good candidate for UWB communication. 
